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Abstract
In this paper, we present our study on the η photoproduction based
on the chiral quark model. We find that quark model provides a very
good description of the η production with much less parameters, and the
threshold region is not a reliable source to determine the ηNN coupling
constant due to its strong dependence on the properties of the resonance
S11(1535). We suggest that the systematic data in Elab = 1.2 ∼ 1.4
GeV region may help us to determine the ηNN coupling constant more
precisely. The structure of the resonance S11(1535) is discussed, we find
that the recent data from Mainz group bring the helicity amplitude
much closer to the quark model prediction. However, more studies
need to be done to understand the large ηN branching ratio of the
resonance S11(1535). Our results show that the quark model is a very
good approach to study the underlying structure of baryon resonances
from the meson photoproduction data.
PACS numbers: 13.75.Gx, 13.40.Hq, 13.60.Le,12.40.Aa
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1. Introduction
In our previous publication[1], a framework based on the chiral quark model
to study the meson photoproductions is developed. It starts from the low
energy QCD Lagrangian[2] so that the meson-quark interaction is chiral in-
variant, and the low energy theorem in the threshold pion-photoproduction[3]
is automatically recovered[4] with a proper treatment of the center of mass
motion[5]. By treating the pseudoscalar mesons as Goldstone bosons that in-
teract directly with quarks inside baryons, the quark model provides an unified
formalism for all s- and u-channel resonances, and the number of parameters
used in the model are dramatically reduced. In principle, only one parameter
is needed for all resonances that contribute to the meson productions. This
marks significant advance from the traditional theory, in which the effective
couplings among the hadrons are used so that each resonance requires one
additional parameter. It also makes it possible to provide a consistent calcula-
tion of the meson-photoproduction beyond the threshold region. Perhaps more
important, it provides an unified description for the pseudoscalar meson pho-
toproductions and highlights the dynamic role by baryon resonances in each
processes. In this paper, we extend our investigation to the η photoproduction.
There are many features of η mesons that make the η photoproductions
unique in the quark model. The η meson is an isospin zero state, thus only the
resonances with isospin 1/2 contribute in the s and u channel. It is also a charge
neutral particle so that the contact (seagull) term[1] that plays a dominant role
in the charge meson production does not contribute, thus enhances the role
of resonances. Moreover, because the mass of the resonance S11(1535) is just
above the ηN threshold where the S-wave is dominant, the η photoproduction
in the threshold region provides us very important probe to the structure of
the resonance S11(1535). Thus, there have been considerable theoretical and
experimental interests in studying the η photoproduction. New experimental
data for the η photoproduction in the threshold region from Bates[6], ELSA[7],
and Mainz[8] have been published recently. In particular, the data from the
Mainz group provide more systematic behaviour of the η production in the
threshold region, which has better energy and angular resolutions, thus enable
us to study the properties of the resonance S11(1535) more precisely. Therefore,
it is very interesting to note that the helicity amplitude Ap1
2
extracted from the
new Mainz data[8] is much closer to the prediction of the quark model[9,
10]. On theoretical side, the theoretical studies of the η photoproduction
were mostly in the framework of Breit-Wigner parametrizations[11] or coupled
channel isobar models[12]. The recent investigation by the RPI group[13]
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has made significant progress in this field, in which the effective Lagrangian
approach is used so that the properties of the resonance S11(1535) extracted
from the data are more model independent, and the number of parameters is
reduced considerably.
Traditionally, investigations of meson photoproductions in the framework
of the quark model have concentrated on the transition amplitudes, in partic-
ular the helicity amplitudes for the electromagnetic transitions and the partial
wave amplitudes for the mesonic decays of baryon resonances. These ampli-
tudes were extracted from meson photoproduction data by the phenomeno-
logical models, thus less model independent. Instead of relying on the transi-
tion amplitudes from the phenomenological models, the quark model approach
enable us to study the structure of baryon resonances directly from the pho-
toproduction data. Thus, the connection between meson photoproductions
and more fundamental theories based on QCD can be established. Because
the transition amplitudes in the quark model have very different energy and
momentum dependences from those in traditional models, it is by no means
trivial if meson photoproductions can be successfully described by the quark
model. This requires that the transition amplitudes in the model have cor-
rect off-shell behaviour, which they are usually evaluated on-shell. Our early
investigation[1] in the Kaon photoproductions has shown that the quark model
approach presents a much better framework to understand the reaction mech-
anism of meson photoproductions than many traditional hadronic models, and
we shall show that the results in the η photoproduction are equally encourag-
ing.
The paper is organized as follows. The general formalism in the quark
model for the η photoproduction is presented in the section 2. We have car-
ried out three different calculations in the section 3; the first assumes the
SU(6)⊗O(3) symmetry for the baryon wavefunctions so that only one param-
eter is required to fit the experimental data, the second includes the possible
configuration mixing effects for the resonances S11(1535) and S11(1650) with
three additional parameters, and the third calculation is concentrated on fit-
ting the recent Mainz data to extract properties of the resonance S11(1535).
Because the data from Mainz group are significantly different from the rest,
we fit them separately. In section 4, we discuss the structure of the resonance
S11(1535) from the η photoproduction data in the threshold region, and high-
light the problems yet to be resolved. Finally, the conclusion is given in the
section 5.
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2. General Formalism
There are two major components in addition to the calculation of the electro-
magnetic and strong transitions of the baryon resonances in the quark model
approach, which has been shown to be crucial in deriving the model indepen-
dent low energy theorem in the threshold pion-photoproduction[4]. First, one
has to combine the phenomenological quark model with the chiral symmetry,
this is being achieved by the introduction of the chiral QCD Lagrangian[2]
so that the meson transition operators are chiral invariant. Second, since a
baryon is being treated as a three quark system, the separation of the center
of mass motion from the internal motion is important to recover the low en-
ergy theorem in the threshold pion photoproduction, this has been discussed
in detail in the Compton scattering γN → γN [5].
The differential cross section in the center of mass frame is
dσc.m.
dΩ
=
αeαη(E
i +MN )(E
f +MN )
16sM2N
|q|
|k| |Mfi|
2 (1)
where αη is the ηNN coupling constant, αe is the electromagnetic coupling,√
s = Ei + ωγ = E
f + ωη is the total energy in the c.m. frame. Generally,
the η transitions between the resonances and the nucleon can be expressed in
terms of the αη, and no additional parameter for each resonance is required.
Therefore, the coupling constant has been removed from the matrix element
Mfi so that it becomes dimensionless. The coupling constant αη is treated
as a free parameter because of the theoretical issues, such as the U1 anomaly,
and η-η′ mixing.
One can write the matrix elementMfi in terms of the CGLN[3] amplitudes;
Mfi = J · ǫ (2)
where ǫ is the polarization vector, and the current J is written as
J = f1σ + if2
(σ · q)(k× σ)
|q||k| + f3
σ · k
|q||k|q+ f4
σ · q
q2
q (3)
in the center mass frame. The differential cross section in terms of the CGLN
amplitude is[14]
|Mfi|2 = Re
{
|f1|2 + |f2|2 − 2 cos(θ)f2f ∗1
+
sin2(θ)
2
[
|f3|2 + |f4|2 + 2f4f ∗1 + 2f3f ∗2 + 2 cos(θ)f4f ∗3
] }
, (4)
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where θ is the angle between the incoming photon momentum k and outgoing η
momentum q in the center of mass frame. The various polarization observables
can also be expressed in terms of CGLN amplitudes, which can be found in
Ref. [14].
The electromagnetic coupling in the nonrelativistic limit is[1]
he =
∑
j
ej
[
rj · ǫ
(
1− pj · k
mqωγ
)
− 1
2mq
σj · (ǫ× k)
]
, (5)
and it has been shown[4] that the operator he in Eq. 5 is sufficient to repro-
duce the low energy theorem for the threshold pion-photoproductions[3]. The
corresponding η transition operator is a pseudovector coupling;
Hnrη =
∑
j
σj ·
[
A+
2ωη
mq
pj
]
, (6)
where A corresponds to the center of mass motion, and depends on the mo-
menta of the initial and final states, and pj is the internal momentum for a
three quark system.
Because the η meson is a charge neutral particle, the Seagull term that
plays an important role in the charge meson production does not contribute.
Thus, the leading Born term would be the nucleon pole term in the S and U
channels;
MS = ωηe−
q2+k2
6α2
(
1
Ef +MN
+
1
Ei +MN
)(
1− k
2
4P i · kµN
)
σ · ǫ
+ie−
k2+q2
6α2
[
ωη
2
(
1
Ef +MN
+
1
Ei +MN
)
+ 1
]
µN
2P i · kσ · qσ · (ǫ× k) (7)
where P i · k = ωγ(Ei + ωγ), µN is the magnetic moments of the nucleon, and
α2 is the constant from the harmonic oscillator wavefunctions. The matrix
element for the U-channel nucleon exchange term is
MU = −e−
k2+q2
6α2
µN
2P f · k
{
ωηk
2
2
(
1
Ef +MN
+
1
Ei +MN
)
σ · ǫ+
i
[
ωη
2
(
1
Ef +MN
+
1
Ei +MN
)
+ 1
]
σ · (ǫ× k)σ · q
}
, (8)
where P f · k = ωγ(Ef + |q| cos θ).
The contributions from the t-channel exchange are not included in this
approach. This has been discussed in some detail in the literature[15]; if a
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complete set of resonances is introduced in the s and u channels, the inclusion
of the t-channel exchange might lead to a double counting problem. This
may turn out to be an advantage of the quark model approach, since less free
parameters are needed to fit the data.
The first excited resonance that contributes to the η productions is the
Roper resonance, P11(1440). In the SU(6) quark model, its U-channel contri-
bution is
MP11(1440) =
−MP11(1440)k2e−
q2+k2
6α2
(P f · k + δM2P11(1440)/2)216mqα2
{
ωηk
2q2
α2
[
1
Ei +MN
+
1
Ef +MN
]
σ · ǫ− i
{
ωη
µq
−
[
ωη
Ef +MN
+ 1
]
q2
α2
}
σ · (ǫ× k)σ · q
}
, (9)
where δM2P11(1440) = M
2
P11(1440)
−M2N , and its S-channel contribution will be
given later.
For the excited resonance with higher energy, such as the P-wave baryons,
we could treat them as degenerate, since their contributions in the U-channel
are much less sensitive to the detail structure of their masses than those in the
S-channel. Therefore, we can write their U-channel contributions in a compact
form;
MU =
(
M3U +M2U
)
e−
k2+q2
6α2 . (10)
The first term in Eq. 10 represents the process in which the incoming photon
and outgoing η meson are absorbed and emitted by the same quarks, it is
M3 = 1
2mq
[iA · (ǫ× k) + σ · (A× (ǫ× k))]F (k · q
3α2
, P f · k)
+
1
3
[
ωηωγ
mq
(
1 +
ωγ
2mq
)
σ · ǫ+ 1
α2
σ ·Aǫ · q
]
F (
k · q
3α2
, P f · k + δM2)
+
ωηωγ
9α2mq
σ · kǫ · qF (k · q
3α2
, P f · k + 2δM2). (11)
where
A = −ωη
(
1
Ei +MN
+
1
Ef +MN
)
k−
(
ωη
1
Ef +MN
+ 1
)
q. (12)
The function F (x, y) in Eq. 11 corresponds to the product of the spatial
integral and the propagator for the excited states, it can be written as
F (x, y) =
∑
n
Mn
n!(y + nδM2)
xn, (13)
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where nδM2 = (M2n−M2)/2 represents the mass difference between the ground
state and excited states with the major quantum number n in the harmonic
oscillator basis, which will be chosen as the average mass differences between
the ground state and the negative parity baryons so that δM2 ≈ 0.74 GeV2.
The first term in Eq. 11 corresponds to the correlation between the magnetic
transition and the c.m. motion of the η transition operator, it contributes
to the leading Born terms in the U-channel. The second term in Eq. 11 is
the correlations among the internal and c.m. motions of the photon and η
transition operators, this term only contributes to the transitions between the
ground and n ≥ 1 excited states in the harmonic oscillator basis. The third
term in Eq. 11 corresponds to the correlation of the internal motions between
the photon and η transition operators, which only contributes to the transition
between the ground and n ≥ 2 excited states. The second term M2U in Eq.
10 represents the process in which the incoming photon and outgoing η are
absorbed and emitted by different quarks, and we found that
M2U = 0. (14)
This is a direct consequence of the isospin couplings. Eq. 11 can be summed
up to any quantum number n, however, the excited states with large quantum
number n become less significant for the U-channel resonance contributions.
Thus, we only include the excited states with n ≤ 2, which is the minimum
number required for the contribution from every term in Eq. 11.
For the S-channel resonance processes, the operator A in Eq. 6 should be
A = −
(
ωη
1
Ef +MN
+ 1
)
q (15)
in the c.m. frame. The calculation of the S-channel resonance contributions is
similar to that of the U-channel resonance contributions. However, since the
operator A is only proportional to the final state momentum q, the partial
wave analysis can be easily carried out for the S-channel resonances.
In general, one can write the S-channel resonance amplitudes as
MR = 2MR
s−M2R
e−
k2+q2
6α2 OR, (16)
where
√
s = Ei + ωγ = E
f + ωη is the total energy of the system, and OR
is determined by the structure of each resonance. Eq. 16 shows that there
should be a form factor, e−
k2+q2
6α2 in the harmonic oscillator basis, even in the
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real photon limit. If the mass of a resonance is above the threshold, the mass
MR in Eq. 16 should be changed to
M2R →MR(MR − iΓ(q)). (17)
Γ(q) in Eq. 17 is the total width of the resonance, and a function of the final
state momentum q. For a resonance decay to a two body final state with
orbital angular momentum l, the decay width Γ(q) can be written as
Γ(q) = ΓR
√
s
MR
∑
i
xi
( |qi|
|qRi |
)2l+1
Dl(qi)
Dl(qRi )
, (18)
with
|qRi | =
√√√√(M2R −M2N +M2i )2
4M2R
−M2i , (19)
and
|qi| =
√
(s−M2N +M2i )2
4s
−M2i , (20)
where xi is the branching ratio of the resonance decaying into a meson with
mass Mi and a nucleon, and ΓR is the total decay width of the S-channel
resonance with the mass MR. The function Dl(q) in Eq. 18 is called fission
barrier[16], and wavefunction dependent; here we use
Dl(q) = exp
(
− q
2
3α2
)
, (21)
which is independent of l. A similar formula used in I=1 pipi and and p-wave
I = 1/2 Kpi scattering was found in excellent agreement with data in the ρ
and K∗ meson region[17]. Generally, the resonance decays are dominated by
the pion channels, except the resonance S11(1535) whose branching ratio of
ηN channel is around 50 percent. Therefore, we simply set xpi = xη = 0.5 for
the resonance S11(1535), while xpi = 1.0 for the rest of the resonances as a first
order approximation.
The operator OR in Eq. 16 can be generally written as
OR = A
[
fR1 σ · ǫ+ ifR2 (σ · q)σ · (k× ǫ) + fR3 σ · kǫ · q+ fR4 σ · qǫ · q
]
(22)
for the pseudoscalar meson photoproduction, where A is the meson decay
amplitude and fRi (i = 1 . . . 4) is the photon transition amplitude. The meson
decay amplitude A is determined by the spatial wavefunction of resonances and
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the relative angular momentum between the final decay products. In Table 1,
we present the amplitude A in the simple harmonic oscillator basis, in which
the amplitude A depends on the total excitation n and and the orbital angular
momentum L. The relative angular momentum of the final decay products is
expressed in terms of the partial wave language in Table 1, in which the S, P ,
D and F waves denote the relative angular momentum 0, 1, 2 and 3 between
the final decay products. The decay amplitude A in Table 1 is the same as
the expression in Table 1 in Ref. [10] with g − 1
3
h = |A|
|q|
, and h = ωη
mq
. Note
that A has a negative sign, this is consistent with the fitted value for g − 1
3
h
and h in Ref. [10].
The photon transition amplitudes fRi in Eq. 22 are written in terms of the
CGLN amplitudes, which are shown in Table 2. They are usually expressed in
terms of helicity amplitudes, A1/2 and A3/2, and the connection between the
two representations can be established. A very important example is the van-
ishing helicity amplitudes for the transitions between the resonances belonging
to (70,4N) representation and protons due to the Moorhouse selection rule[18]
if one uses the nonrelativistic transition operator in Eq. 5, consequently, the
CGLN amplitudes for these resonances are zero as well. There are 3 important
negative parity baryons that belong to (70,4N) multiplet in the naive quark
model; S11(1650), D13(1700) and D15(1675). However, it has been shown in
the potential quark model calculation[19] that the two states, 70N(2PM)
1
2
−
and 70N(4PM)
1
2
−
, are strongly mixed. Therefore, the contribution from the
resonance S11(1650) to the η photoproduction will be studied by fitting to
the experimental data. Indeed, this will provide us a direct insights into the
configuration mixing in the potential quark model.
The CGLN amplitudes for the resonances with total spin 1/2 can be easily
related to the helicity amplitude A1/2 that has been frequently calculated in
the quark model. Only the CGLN amplitude fR1 is nonzero for the resonance
S11(1535), and this corresponds to E
+
0 multipole transition[14]. Moreover,
the amplitudes fR1 for the S-wave resonances have the same structure as the
corresponding helicity amplitude A1/2 in Ref. [26], in which the same nonrel-
ativistic transition operator is used. For the P wave resonances, such as the
resonances P11(1440) and P11(1710), only the CGLN amplitude f
R
2 is present,
which gives a M−1 transition. Notice that the resonances with isospin 3/2 do
not contribute to the η photoproduction due to the isospin coupling between
the η meson and the nucleon. These results provide an important consistency
check for the CGLN amplitudes in Table 2.
If one intends to calculate the reaction beyond 2 GeV in the center of mass
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frame, the higher resonances with quantum number n = 3 and n = 4 must be
included. Instead, we adopt an approach that treats the resonances for n ≥ 3
as degenerate, the sum of the transition amplitudes from these resonances can
be obtained through the approach in Ref. [5]. The transition amplitude for
the nth harmonic oscillator shell is
On = O2n +O3n (23)
where the amplitudes O2n and O3n have the same meaning as the amplitudes
M2U andM3U in Eqs. 11 and 14, and we have
O3n = −
1
2mq
[iA · (ǫ× k)− σ · (A× (ǫ× k))] 1
n!
(
k · q
3α2
)n
+
1
3
[
ωηωγ
mq
(
1 +
ωγ
2mq
)
σ · ǫ + 1
α2
σ ·Aǫ · q
]
1
(n− 1)!
(
k · q
3α2
)n−1
+
ωηωγ
9α2mq
σ · kǫ · q 1
(n− 2)!
(
k · q
3α2
)n−2
(24)
and
O2n = 0. (25)
Generally, the resonances with large quantum number n become important as
the energy increases. Furthermore, the higher partial wave resonances with
orbital angular momentum L = n become dominant, which correspond to the
resonance G17(2190) for n = 3 and H19(2250) for n = 4 for the η photo-
productions. Indeed, only these higher partial wave resonances can be seen
experimentally, and this is consistent with the quark model predictions. Thus,
we simply take the masses and decay widths of these high partial wave reso-
nances as input in Eq. 16.
3. The Numerical evaluation
We shall take the same procedure as that in the calculation of the kaon
photoproduction[1]. In order to take into account of the relativistic effects,
the Lorentz boost factor is introduced in the CGLN amplitudes
fi(k,q)→ M
2
N
EiNE
f
N
fi(
MN
EiN
k,
MN
EfN
q) (26)
where i = 1 . . . 4, and MN
Ei
N
(MN
Ef
N
) is a Lorentz boost factor for the initial (final)
state.
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The parameters in this calculation have standard values in the quark model,
which the quark mass mq is 0.34 GeV, and α
2 = 0.16 GeV2. The masses
and the decay widths for the S-channel resonances are taken from the recent
particle data group[20]. In principle, there is only one parameter αη to be
determined in the numerical evaluation, in which the wavefunctions of the res-
onances are assumed to have SU(6)⊗O(3) symmetry. However, one should not
expect that quark model in the SU(6)⊗O(3) symmetry limit could provide a
quantitative description of the η production, since there should be significant
configuration mixing[19]. In particular, the configuration mixing between the
states N(2PM)
1
2
−1
and N(4PM)
1
2
−1
generates a nonzero contribution from the
resonance S11(1650), thus affects the η photoproduction in the threshold re-
gion significantly. The evaluations in the potential quark model[19] show that
this mixing is indeed very strong. Therefore, we introduce two parameters,
CS11(1535) and CS11(1650), to take into account of the configuration mixing ef-
fects. The contributions from the resonances S11(1535) and S11(1650) become
OS11(1535) = CS11(1535)ON(2PM ) 12−1 , (27)
and
OS11(1650) = CS11(1650)ON(2PM ) 12−1 , (28)
where ON(2PM ) 12
−1
is given in Table 2. Furthermore, the U-channel contribu-
tions given in Eq. 10 represent the result in the SU(6) symmetry limit, which
correspond to CS11(1535) = 1 and CS11(1650) = 0. There should be an additional
U-channel contribution for the general coefficients CS11 , and it is given by
MUS11 =
−MS11ωγe−
q2+k2
6α2
P fN · k + δM2S11/2
CS11(1535) + CS11(1650) − 1
3
{
q2
3α2
[
ωη
EfN +MN
+ 1
]
− ωη
mq
+
q · k
3α2
[
ωη
Ef +MN
+
ωη
Ei +MN
] }(
1 +
ωγ
2mq
)
σ · ǫ,(29)
where MS11(1535) ≈ MS11(1650) ≈ 1.6 GeV in the U-channel. In principle, the
coefficients CS11 could be obtained from the potential quark models that re-
produce the baryon spectroscopy. On the other hand, the coefficients CS11
obtained from the fitting procedure could provide an important test to the
wavefunctions in the potential quark models. Moreover, whether the quark
model could reproduce the large branching ratio for the resonance S11(1535)
decaying into ηN channel is still an open question. Therefore, we adopt two
approaches in the numerical evaluation. First, the wavefunctions of the reso-
nances are assumed to be in exact symmetry limit, thus only one parameter
11
αη is needed to fit the data. Second, we treat the coefficients, CS11(1535) and
CS11(1650), and the total decay width of the resonance S11(1535), ΓS11(1535) as
free parameters, and fit them to the differential cross section data.
The function minimization routine[24] is used to minimize the least square
function
χ2 =
∑
i
[Xi − Yi(a1, . . . , an)]2
σ2Xi
, (30)
where Xi represents the experimental data, σXi corresponds to the error of
the data, and Yi(a1, . . . , an) is the theoretical predictions with parameters
a1, . . . , an to be fitted. There are about 150 points of differential cross section
data up to Elab = 1.45 GeV from the old data set[21], and recent data by
Homma et al[22] and by Dytman et al[6]. More recently, the new experimental
data in the threshold region from the Mainz group has been published[8].
This set of data differs significantly from the old set data[21], and recent
Bates data[6] in the threshold region. Therefore, we shall fit the Mainz data
separately, and the parameters obtained in these fits are summarized in Table
3. Although there are also few target polarization data[23], they will not be
used in our fitting because these data have large errors and do not present any
systematic behaviour on the target polarization.
In Fit 1, we assume that the resonances have exact SU(6)⊗O(3) symmetry,
and the masses and decay widths of resonances come from the recent particle
data group[20]. Therefore, there is only one parameters, αη, left to fit the
data, and we find
αη = 0.465 (31)
by fitting it to the combinations of old data[21, 22] and recent data from
Bates[6]. We present the energy dependence of the differential cross sections at
θcm = 50
◦±5◦ in Fig. 1, at θcm = 90◦±8◦ in Fig. 2, and the energy dependence
of the total cross section is shown in the Fig. 3. Considering that there is
only one parameter in the calculation, the overall agreement with the data is
truly remarkable. Our calculation in the symmetry limit also shows that the
resonance S11(1535) is less dominant than the data suggest, and the calculated
total cross section is significantly larger than the data in Elab ≈ 0.9 − 1 GeV
region. This suggests that the resonance S11(1650) also plays a significant role
in addition to the dominant presence of the resonance S11(1535). Therefore,
we treat the coupling constant αη, two coefficients CS11 , and the decay width
ΓS11(1535) as a free parameter in Fit 2, the resulting parameters are shown in
Table 3. The resulting fits are also shown in Figs. 1, 2, and 3 respectively.
It is worth to mention that the smaller total decay width ΓS11(1535) = 0.111
12
GeV is largely due to the recent Bates data[6] at Elab = 0.729 GeV. Since
only the differential cross section data are used in our fits, the recent total
cross section data[7] from ELSA are not used here. Clearly, the threshold
region is quite crucial in determining the mass and width of the resonance
S11(1535). The resonance S11(1535) becomes more dominant in this fit, and
we find a small but negative contribution from the resonance S11(1650). This
is qualitatively in agreement with the recent calculation by the RPI group[13],
in which the effective Lagrangian approach is used. On the other hand, the
coupling constant αη is significantly reduced from 0.465 to about 0.14, this
shows how strongly dependent of the coupling constant αη on the behaviour
of the resonances S11(1535) and the resonance S11(1650). The physical reason
behind the large reduction of the coupling constant αη is that the threshold
region is dominated by the resonance S11(1535), which accounts nearly 90
percent of the total cross section, thus, a small variation in the S11(1535) will
lead to a larger change in the contribution from the Born term. This shows
that the threshold region alone is not a reliable source to determine the ηNN
coupling constant αη.
In Fit 3, we are concentrating on the recent published data from the Mainz
group[8], in which more systematic differential cross section data are presented
from Elab = 0.716 to 0.788 GeV. It should be pointed out that these data
are significantly larger than the previous data in threshold region[21, 6, 22],
therefore, further experimental confirmation is needed. Because this set of data
is concentrated on the region from the threshold to the mass of the resonance
S11(1535), one could not obtain any reliable information on the contribution
from the resonance S11(1650). Thus, we exclude the contribution from the
resonance S11(1650) by setting the parameter CS11(1650) = 0.0, which is the
same as that in Fit 1. Thus, three parameters, αη, CS11(1535) and ΓS11(1535), are
fitted to the data. The calculated total cross section and the data are presented
in Fig. 4, the agreement with the data is excellent. Moreover, the resulting
decay width ΓS11(1535) is found to be 0.198 GeV, and in very good agreement
with the simple Breit-Winger fit[8]. This provides an important consistency
check of the model. One could also see the possible contribution from the
resonance S11(1650) at Elab ≈ 0.8 GeV, where the data suggest that the total
cross section starts to decrease. More systematic data in Elab = 0.8 ∼ 1.0 GeV
region are needed in order to learn more on the structure of both S11(1535)
and S11(1650).
To highlight the importance of the data in the threshold region in deter-
mining the properties of the resonance S11(1535) and coupling constant αη,
we show the differential cross section at Elab = 0.729 GeV in Fig 5, and
13
Elab = 0.752 in Fig. 6. Notice that there is a significant difference between the
data from Bates[6] and Mainz[8] at Elab = 0.729 GeV, it leads to the change
from ΓS11(1535) = 0.111 GeV in Fit 2 to 0.198 GeV in Fit 3. Resolving this
difference in the future experiments is crucial in understanding the structure
of the resonance S11(1535). In the same time, the parameter αη is changed by
a factor of 3. In fact, the calculation by the RPI group[13] has shown that one
could obtain a good fit to the data in the threshold region for a wide range of
coupling constant αη. More systematic data beyond the threshold region are
calling for, particularly in the region Elab = 1.15 to 1.45 GeV, in which there is
no resonance dominant so that contribution from the Born term becomes rela-
tively important. It is interesting to note that the calculated differential cross
section in Fit 2 is in good agreement with the Bate data[6] at Elab = 0.729
GeV, but smaller at Elab = 0.752 GeV, while the results in Fit 3 give excellent
fits to the Mainz data[8] in both cases.
We should also point out that the resonances P11(1710) and P13(1720)
also play quite important role in the region Elab = 0.9 ∼ 1.1 GeV, and one
should not expect that the quark model in the symmetry limit would provide
a quantitative description of these resonances. One could also study these
resonances by inserting coefficients in front of their CGLN amplitudes and
fitting them to the data. Our calculation provides a framework to study the
resonance contributions in the meson photoproduction with less parameters.
This will be investigated in the future with more accurate data in this region.
The calculation of the target polarizability has also been done with the
parameters in each fit. We found consistent small polarizabilities at θcm = 90
◦
from the threshold to Elab = 1.0 GeV. If the polarization is indeed large in
this region as the data suggest[23], it might be the evidence that the t-channel
meson exchange is required.
4. The Structure of the Resonance S11(1535)
There were probably two important motivations to study the η photoproduc-
tion in the threshold region; to determine the ηNN coupling constant αη and
to study the structure of the resonance S11(1535). Our calculation shows that
the threshold region might not be a reliable source to determine the coupling
constant αeta because of the dominance of the resonance S11(1535). However,
one might be able to learn more about the structure of the resonance S11(1535)
in the quark model. The study[13] by the RPI group shows that one could
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determine the quantity ξ from the η photoproduction, which is defined as
ξ =
√
χ′ΓηA 1
2
/ΓT (32)
where χ′ =MNk/qMR. One can obtain an analytic expression of the quantity
ξ from the CGLN amplitude in Table 2, which is given by
ξ =
√√√√αηαepi(Ef +MN)
M3R
CS11(1535)ωγ
6ΓT
[
2ωη
mq
− 2q
2
3α2
(
ωη
Ef +MN
+ 1
)]
(
1 +
|k|
2mq
)
e−
q2+k2
6α2 . (33)
Because q2 ≪ 1, the quantity ξ for the resonance S11(1535) is not sensitive to
the parameter α2 related to the internal structure of the baryon wavefunctions.
After including the Lorentz boost factors in Eq. 26, we obtain
ξ =


0.186 From Fit 1
0.208 From Fit 2
0.220 From Fit 3
(34)
in the unit of GeV−1. This is indeed in good agreement with the result
ξ = 0.22 ± 0.02 GeV−1 in ref. [13]. It is not surprising that the quantity
ξ in Fit 1 is smaller, because the resonance S11(1535) is less dominant in
the symmetry limit than the data suggested. Therefore, assuming that the
branching ration for the resonance S11(1535)→ ηN is around 0.5, we have the
helicity amplitude;
Ap1
2
=


81 From Fit 1
78 From Fit 2
111 From Fit 3
(35)
in the unit of 10−3 GeV−
1
2 , which are very consistent with the results of Ref.
[13] in Fit 1 and 2, and of Ref. [8] in Fit 3.
The advantage of the quark model calculation is that the helicity amplitude
Ap1
2
and the decay width ΓS11(1535) can be predicted separately. In the symmetry
limit, the helicity amplitude Ap1
2
is given by[26]
Ap1
2
=
√
2αepiωγ
1
3α
(
1 +
|k|
2mq
)
e−
k2
6α2 , (36)
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and the decay width in the S11(1535)→ ηN channel is expressed in terms of
the coupling constant αη;
ΓS11(1535)(ηN) =
αη(E +MN )|q|
2MR
α2
M2N
{
ωη
mq
− q
2
3α2
[
ωη
E +MN
+ 1
]}2
e−
q2
3α2 .
(37)
We have
Ap1
2
= 148 10−3 GeV−
1
2 , (38)
and
ΓS11(1535)(ηN) = 23.4 MeV (39)
after including the Lorentz boost factors. Comparing this predictions with
the results in Fit 1, the helicity amplitude Ap1
2
predicted by the quark is twice
larger than the data, while the decay width is about factor 3 smaller. The fact
that there is a factor 2 between the old data and the quark model calculations
for the helicity amplitude Ap1
2
has been known for some time[10, 9], and it was
speculated that this might be an indication of the configuration mixing[25].
However, the systematic calculations with the configuration mixings in the
Isgur-Karl model shown[26] that the configuration mixing effects are unable
to reduce the helicity amplitude Ap1
2
. Therefore, it is particularly interesting
that the new data set from Mainz has bring the helicity amplitude Ap1
2
in Fit
3 much closer to the quark model predictions; the simple Breit-Wigner fit in
Ref. [8] also gives
Ap1
2
= (125± 25) 10−3GeV− 12 , (40)
which is even closer to the quark model result in Eq. 38.
On the other hand, the large ηN branching ratio for the resonance S11(1535)
has not been fully understood. The calculation by Koniuk and Isgur[10] also
shows that the transition amplitude for S11(1535) → ηN is about 50 percent
smaller than the data, whose calculation is similar to this approach. This is
consistent with the fitted coefficient CS11(1535) ≈ 1.5 in both Fit 2 and 3, and it
is unlikely that this can be explained by the configuration mixing effects. One
of the effects that has not been taken into account in this study is the finite
size of η mesons, which is the one of the major motivations of the quark pair
creation model[27]. The calculation has been partly done in Ref. [28], which
gives a much larger decay amplitude. The problem is that the ηNN coupling
that can also be obtained in this approach was not given, thus there is no base
to judge if the parameter used in the calculation is reasonable.
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The understanding of the ηN branching ratio of the resonance S11(1535)
may be the key to its underlying structure. It has been discussed for some time
in the literature that the resonance Λ(1409) might be a Kaon-nucleon binding
state, whose mass is just below the kaon-nucleon threshold. Notice that the
mass of the resonance S11(1535) is just below the threshold of Kaon production,
γN → KΛ and γN → KΣ, it would be interesting to study the possibility
that the resonance S11(1535) is a combination of q
3 and KΛ or KΣ binding
states, which suggests that the state Λ(1409) as a KN binding state might
not be an isolated case. The threshold behaviour of Kaon photoproduction,
γN → KΛ and γN → KΣ, may provide us further information in this regard,
because it is dominated by the S wave resonances and the Born terms.
5. The Conclusion
The first quark model calculation is presented for the η photoproduction, which
provides a very good description of the η photoproductions with less parame-
ters. We show that the threshold region is not a reliable place to determine the
ηNN coupling constant, which strongly depends on the properties of the res-
onance S11(1535). One should extend the study to Elab = 1.4 GeV region, in
which no resonance is dominant, so that the contribution from the Born term
could be determined more reliably. If there is any indication from the recent
Mainz data, it might be that the old set of the data may become irrelevant.
Certainly, the future experiments planned at various facilities, in particular at
CEBAF, will provide us much more accurate information on the η photopro-
duction that will reach beyond the threshold region. The results here show
that the quark model approach will certainly be a very effective tool of study-
ing the underlying structure of baryon resonances from the photoproduction
data.
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Table 2: The CGLN amplitudes for the S-channel baryons resonances for the
proton target in the SU(6) ⊗ O(3) symmetry limit, where k = |k|, q = |q|,
and x = k·q
kq
. The CGLN amplitudes for the N(4PM), N(
4SM), and N(
4DM)
states are zero due to the Moorhouse selection rule, see text.
States f1 f2 f3 f4
N(2PM)
1
2
− ωγ
6
(
1 + k
2mq
)
0 0 0
N(2PM)
3
2
− −ωγ
9
(
1 + k
2mq
)
q2
α2
− kqx
6mqα2
0 ωγ
3α2
N(2S ′s)
1
2
+
0 − k2
216mqα2
0 0
N(2Ds)
3
2
+ k2qx
36α2
(
1 + k
2mq
)
k2
216mqα2
ωγ
36α2
0
N(2Ds)
5
2
+ − k2qx
180α2
(
1 + k
2mq
)
− k2
144mqα2
(
x2 − 1
5
)
− k
180α2
k2x
36qα4
N(2SM)
1
2
+
0 k
2
216mqα2
0 0
N(2DM)
3
2
+ k2qx
36α2
(
1 + k
2mq
)
k2
216mqα2
k
36α2
0
N(2DM)
5
2
+ − k2qx
180α2
(
1 + k
2mq
)
− k2
144mqα2
(
x2 − 1
5
)
− k
180α2
k2x
36qα4
Table 1; Meson transition amplitudes A in the simple
harmonic oscillator basis.
(N,L) Partial Waves A
(0, 0) P −
(
ωη
Ef+MN
+ 1
)
(1, 1) S 2ωη
mq
−
(
ωη
Ef+MN
+ 1
)
2q2
3α2
(1, 1) D −
(
ωη
Ef+MN
+ 1
)
(2, 0) P 2ωη
mq
−
(
ωη
Ef+MN
+ 1
)
q2
α2
(2, 2) P 2ωη
mq
−
(
ωη
Ef+MN
+ 1
)
2q2
5α2
(2, 2) F −
(
ωη
Ef+MN
+ 1
)
q2
α2
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Table 3; The parameters obtained from
different fits. The decay width ΓS11(1535)
has a unit of GeV.
Fit 1 Fit 2 Fit 3
αη 0.465 0.139 0.435
CS11(1535) 1.0 1.510 1.608
CS11(1650) 0.0 -0.036 0.0
ΓS11(1535) 0.150 0.111 0.198
Figure Captions
1. The energy dependence of the differential cross section at θcm = 50
◦±5◦.
The solid line represents the result from Fit 1, and the dash line from
Fit 2. The data come from Refs. [21, 22, 6].
2. The same as Fig. 1 at θ = 90◦ ± 8◦.
3. The energy dependence of the total cross section, the solid is the result
from Fit 1, and dash line from Fit 2.
4. The result for the total cross section from Fit 3, in which the parameters
are fitted to the data from Mainz[8].
5. The differential cross section at Elab = 0.729 GeV. The solid line rep-
resents the result from Fit 2, and dash line from Fit 2. The data come
from Ref. [6] (triangle) and Ref. [8] (circle).
6. The same as Fig 4 at Elab = 0.752 GeV.
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